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Differential Roles of WAVE1 and WAVE2
in Dorsal and Peripheral Ruffle Formation
for Fibroblast Cell Migration
that are distinguished by form and behavior: the thin
leading edge of the cell that protrudes the membrane
along with the substratum, ruffles formed by the bending
upward of the leading edge with occasional transfer
behind the anterior edge, and the vertical ruffles that
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2 CREST appear directly behind the leading edge on the dorsal
surface (Abercrombie et al., 1970). These ruffles at theJapan Science and Technology Corporation (JST)
4-6-1 Shirokanedai dorsal surface were also observed in cells under PDGF
(platelet-derived growth factor) stimulation (MellstromMinato-ku
Tokyo, 108-8639 et al., 1988; Schliwa et al., 1984). In spite of the very
early discovery of three kinds of ruffles, the roles ofJapan
these distinguishable ruffles are still unclear.
In the formation of lamellipodia and filopodia, Arp2/3
complex acts downstream of the Wiskott-Aldrich syn-Summary
drome protein (WASP) family, which consist of five mem-
bers (Pollard and Borisy, 2003; Suetsugu et al., 2002;Cell migration is driven by actin polymerization at the
leading edge of lamellipodia, where WASP family ver- Takenawa and Miki, 2001). Arp2/3 complex is activated
by WASP family proteins and creates nucleation coresprolin-homologous proteins (WAVEs) activate Arp2/3
complex. When fibroblasts are stimulated with PDGF, for actin polymerization, causing rapid polymerization
of actin (Machesky et al., 1999; Rohatgi et al., 1999).formation of peripheral ruffles precedes that of dorsal
ruffles in lamellipodia. Here, we show that WAVE2 defi- Rapid actin polymerization induced by activated Arp2/3
complex in conjugation with profilin (Suetsugu et al.,ciency impairs peripheral ruffle formation and WAVE1
deficiency impairs dorsal ruffle formation. During di- 1998) is thought to be necessary for filopodia and lamel-
lipodia formation. Activated Arp2/3 complex generatesrected cell migration in the absence of extracellular
matrix (ECM), cells migrate with peripheral ruffles at the branched actin filaments present in lamellipodia
(Blanchoin et al., 2000; Svitkina and Borisy, 1999). Thesethe leading edge and WAVE2, but not WAVE1, is essen-
tial. In contrast, both WAVE1 and WAVE2 are essential branched structures are the basis by which cells gener-
ate the force needed for motility at the leading edge.for invading migration into ECM, suggesting that the
leading edge in ECM has characteristics of both ruf- WASP family proteins consist of the WASP subfamily
(WASP and N-WASP) and WAVE subfamily (WAVE1,fles. WAVE1 is colocalized with ECM-degrading en-
zyme MMP-2 in dorsal ruffles, and WAVE1-, but not WAVE2, and WAVE3) (Derry et al., 1994; Miki et al., 1996,
1998b; Suetsugu et al., 1999). Although the exact mech-WAVE2-, dependent migration requires MMP activity.
Thus, WAVE2 is essential for leading edge extension anisms are unclear, WASP and N-WASP lead to forma-
tion of filopodia downstream of the small GTPase Cdc42for directed migration in general and WAVE1 is essen-
tial in MMP-dependent migration in ECM. (Miki et al., 1998a; Svitkina et al., 2003; Symons et al.,
1996; Vignjevic et al., 2003) and WAVEs leads to lamelli-
podia formation downstream of the small GTPase RacIntroduction
(Miki et al., 1998b, 2000).
All WAVEs are able to activate Arp2/3 complexAlthough most cell migration in vivo is thought to occur
in the three-dimensional extracellular matrix (ECM), through the VCA domain (Yamaguchi et al., 2000). How-
ever, the relationships and functional differences amongmost studies of cell migration have been done with two-
dimensional cell culture with culture plates. However, several WAVEs and among several kinds of ruffles are
unclear. Fibroblasts from E9 mouse embryos expressin both cases, protrusion of the plasma membrane at
the leading edge of the migrating cell is driven by actin both WAVE1 (Dahl et al., 2003) and WAVE2, but not
WAVE3. Here, we generated mouse embryonic fibro-polymerization. When cells migrate in culture dishes,
filopodia and lamellipodia are formed at the leading blasts (MEFs) that lack WAVE1 or WAVE2 and investi-
gated the roles of these proteins in several kinds ofedge. Filopodia and lamellipodia are made up of actin
filaments and are formed mainly through actin polymer- ruffle formation and in cell migration in the presence
and absence of ECM.ization (Condeelis, 2001; Pollard and Borisy, 2003; The-
riot and Mitchison, 1991; Wear et al., 2000).
Lamellipodia are composed of branched actin fila- Results
ment networks. At the leading edge, lamellipodia often
accompanied or followed by filopodia extend in the di- Generation of WAVE1- and WAVE2-Deficient
rection of cell movement. The extended lamellipodia Mouse Embryonic Fibroblasts
then attach to the substratum to create the scaffold for To investigate the roles of WAVE1 and WAVE2 in cell
the next step of leading edge extension. As Abercrombie migration, we generated mice deficient in WAVE1 and
noted, there are three kinds of ruffles at lamellipodia WAVE2. WAVE2-deficient mice were prepared by tar-
geted homologous recombination as described else-
where (Yamazaki et al., 2003). WAVE1-deficient mice*Correspondence: takenawa@ims.u-tokyo.ac.jp
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were prepared by gene-trap insertion as described pre- (Figure 1B; see Supplemental Data at http://www.
developmentalcell.com/cgi/content/full/5/4/595/viously (Dahl et al., 2003).
Because WAVE2-deficient mice die at approximately DC1). Then, 150 s after PDGF stimulation, the cell
membrane behind the leading edge began to projectembryonic day 10 (E10), we established several WAVE2-
deficient MEF cell lines and control wild-type MEF cell dorsally and form dorsal ruffles. These dorsal ruffles
moved inside the dorsal surface and then disappearedlines from E9 embryos. WAVE2 was expressed in wild-
type MEFs, whereas its expression was not detected in (Figure 1B; Supplemental Movies 1–3). Those peripheral
ruffles that were bending up did not become dorsalWAVE2-deficient MEFs. WAVE1 expression was also
observed in MEFs from E8.5 embryos (Dahl et al., 2003). ruffles. Instead, dorsal ruffles originate from tiny black
(thick) dots seen in phase-contrast images that appearThe level of WAVE1 expression was similar in wild-type
and WAVE2-deficient MEFs (Figure 1A). even when bending up of the peripheral ruffles is ob-
served. Both control wild-type MEFs responded toWe generated WAVE1-deficient MEFs and control
wild-type MEFs from E9 embryos. WAVE1-deficient PDGF in a similar manner (Figure 1B; Supplemental Mov-
ies 1–3).MEFs did not express WAVE1, whereas control wild-
type MEFs did. The level of WAVE2 expression was
similar in both cell lines (Figure 1A). These wild-type, Peripheral Ruffle and Dorsal Ruffle Formation
in WAVE1- and WAVE2-Deficient MEFsWAVE1-deficient, and WAVE2-deficient MEFs did not
express detectable levels of WAVE3 protein (data not after PDGF Stimulation
In WAVE1-deficient MEFs, formation of peripheral rufflesshown). In the experiments described below, we com-
pared WAVE1- or WAVE2-deficient MEFs with the ap- was observed at a similar time course as in wild-type
cells. However, dorsal ruffles occurred at a much lowerpropriate control wild-type MEFs that were made in par-
allel, although both types of control cells had similar frequency in WAVE1-deficient MEFs, although it was
not inhibited completely (Figure 1B; Supplemental Mov-characteristics.
ies 1–3).
In WAVE2-deficient MEFs, formation of peripheral ruf-Formation of Peripheral Ruffles and Dorsal Ruffles
under Nongradient PDGF Stimulation fles was not marked compared to that in control cells.
In contrast, dorsal ruffles were formed significantly inWe first examined whether WAVE1, WAVE2, or both
are involved in lamellipodia formation. WAVE1-deficient, WAVE2-deficient cells in a similar time as wild-type cells
after tiny movements of the peripheral membrane (Fig-WAVE2-deficient, and both control MEFs responded in
similar frequencies to PDGF as judged by membrane ure 1B; Supplemental Movies 1–3). Therefore, the forma-
tion of dorsal and peripheral ruffles are independentmovement on time-lapse observations.
According to the classification proposed by Aber- processes. Peripheral ruffles are formed in response to
WAVE2 function, whereas dorsal ruffles are formed incrombie (Abercrombie et al., 1970), three kinds of mem-
brane ruffles exist. Upon PDGF treatment without gradi- response to WAVE1 function.
To confirm these phenomena observed by time-lapseent, all three types of membrane ruffles were observed.
However, for simplicity, we termed both the thin leading microscopy, we observed actin filaments in cells fixed
after 5 min PDGF treatment. WAVE1-deficient cells andedge parallel to the substratum and the ruffle formed
by the bending upward of the leading edge “peripheral control cells extended peripheral ruffles at similar fre-
quencies, but the dorsal ruffles were decreased inruffles,” because both structures are formed at the lead-
ing edge and originate from the same structure. We WAVE1-deficient cells (Figures 2A and 2B). In contrast,
WAVE2-deficient cells showed a drastic decrease in for-termed the vertical ruffles that appear directly on the
dorsal surface behind the leading edge “dorsal ruffles.” mation of peripheral ruffles, whereas dorsal ruffles were
present at similar frequencies in both control wild-typePeripheral ruffles are easily observed as actin-rich pro-
trusions at the cell periphery. Dorsal ruffles are visible and WAVE2-deficient cells (Figures 2C and 2D). The
deficiency in peripheral ruffle formation was restored byas actin-rich structures formed dorsal or upward of the
surface of the cells, and they often form circular struc- the expression of WAVE2-GFP (Supplemental Figures
S1D and S1E), confirming that the impaired peripheraltures.
Time-lapse observations revealed that in 80% of ruffle formation was due to WAVE2 deficiency.
To compensate for the possible differences in thecontrol MEFs, peripheral ruffles were visible within 30 s
of PDGF stimulation. These peripheral ruffles occasion- genetic background in WAVE1- and WAVE2-deficient
cells, we performed RNA-mediated interference (RNAi)ally bent up and moved backward as described earlier
Figure 1. PDGF Stimulation of Mouse Embryonic Fibroblasts and Localization of WAVE1 and WAVE2
(A) Western blot analysis of cell lysates from WAVE1-deficient MEFs and WAVE2-deficient MEFs with anti-WAVE1, anti-WAVE2, and anti-
-actin antibodies.
(B) Sequential phase-contrast images of WAVE1-deficient, WAVE2-deficient, and control wild-type MEFs under PDGF stimulation. The scale bar
represents 10m. Specific control MEFs for WAVE1-deficient and WAVE2-deficient MEFs respond with PDGF similarly. See Supplemental Data.
(C–F) Immunohistochemistry with WAVE1- (C and D) and WAVE2- (E and F) specific antibodies (green) and phalloidin for actin filament staining
(red) of control wild-type cells. The upper panel, middle three panels, and lower three panels show the entire cell body, enlarged images, and
vertical sections along with lines in enlarged images, respectively. In the vertical sections, the length is expanded four times. Dotted lines
indicate the substratum, and arrows indicate the edges of peripheral or dorsal ruffles. The scale bar in the upper panels represents 10 m.
(C and D) Peripheral ruffles.
(E and F) Dorsal ruffles.
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Figure 2. WAVE1-Dependent Dorsal Ruffles and WAVE2-Dependent Peripheral Ruffles
(A, C, and E) Actin filaments in MEFs after 5 min PDGF stimulation are shown. WAVE1-deficient MEFs and control MEFs (A), WAVE2-deficient
MEFs and control MEFs (C), and WAVE2-deficient MEFs treated with control or WAVE1 RNAi (E).
(B, D, and G) Percentages of cells with peripheral or dorsal ruffles in (A), (C), and (E), respectively, from at least three independent experiments.
In each experiment, 100 cells were observed. Statistical significance by Student’s t test is also shown.
(F) Western blot analysis of cell lysates from cells in (E) with anti-WAVE1 and anti--actin antibodies.
(H) Increase in total actin filaments after 5 min PDGF stimulation was expressed as fold increase to the amount of actin filaments of cells
without PDGF stimulation. The amount of actin filaments was examined by the amount of bound phalloidin.
to decrease WAVE1 expression in WAVE2-deficient cells In WAVE2-deficient cells treated with WAVE1 RNAi,
dorsal ruffle formation was decreased, indicating thatand control cells. In wild-type cells treated with WAVE1
RNAi, dorsal ruffle formation was decreased in compari- WAVE1 is the primary regulator of dorsal ruffle formation
(Figures 2E–2G). Thus, cells that lack both WAVE1 andson with cells transfected with control constructs (Sup-
plemental Figures S1A–S1C). Thus, WAVE1 is involved WAVE2 cannot form peripheral and dorsal ruffles.
PDGF stimulation of cells resulted in extensive actinin dorsal ruffle formation independent of the genetic
background. polymerization at ruffles as well as a loss of stress fibers.
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The amount of total actin filaments of cells was not Therefore, WAVE2 is a primary target of Rac to induce
peripheral ruffle formation (Figures 3A–3D).changed significantly in wild-type cells and in WAVE2-
deficient cells. However, in WAVE1-deficient cells, a de- To investigate the involvement of Rac in formation of
dorsal ruffles, we transfected vector-expressing domi-crease in actin filaments was observed, indicating that
dorsal ruffles might be important for massive actin reor- nant-negative (DN) Rac(N17) into wild-type cells and
then stimulated these cells with PDGF. Expression ofganization upon PDGF stimulation (Figure 2H).
PDGF is also known to induce macropinocytosis, the DN Rac impaired formation of both dorsal and peripheral
ruffles (Figure 3F). Thus, Rac seems to be involved inprocess of uptake of medium. However, the dorsal ruffle
was not the place of macropinocytosis as judged by both dorsal and peripheral ruffle formation. Because
dorsal ruffles form after peripheral ruffles, activation offluorescent-labeled dextran uptake upon PDGF treat-
ment. Further, macropinocytosis was dependent on additional signals downstream of or in parallel with Rac
may be required for dorsal ruffle formation induced byWAVE2, but not WAVE1, indicating that macropino-
cytosis is unrelated to dorsal ruffles (Supplemental Fig- PDGF.
To further confirm the activation of Rac both in dorsalure S2).
and peripheral ruffles, we examined the distribution of
phosphatidylinositol (3,4,5) triphosphate. Activation of
phosphatidylinositol (PI) 3-kinase and productionLocalization of WAVE1 and WAVE2 in Peripheral
and Dorsal Ruffles of PIP3 mediate activation of Rac through GDP/GTP
exchange factors (GEF) for Rac such as Sos, Vav, andWe next examined localization of WAVE1 and WAVE2
proteins in wild-type MEFs fixed after 5 min treatment SWAP-70 (Han et al., 1998; Nimnual et al., 1998; Shino-
hara et al., 2002), leading to ruffle formation. Wortman-with PDGF by immunohistochemistry with specific anti-
bodies against WAVE1 and WAVE2 (Yamazaki et al., nin, a specific inhibitor of PI-3 kinase (Arcaro and Wy-
mann, 1993), inhibited formation of both peripheral and2003). These cells had peripheral ruffles or dorsal ruffles,
but few cells had both, consistent with the formation of dorsal ruffles after PDGF treatment (Supplemental Fig-
ure S3). When we observed the localization of PIP3 withperipheral ruffles prior to that of dorsal ruffles observed
in time-lapse analysis (Figure 1B; Supplemental Mov- PH domain from Akt fused to GFP as a probe, accumula-
tion of PIP3 before membrane extension was observedies 1–3).
In peripheral ruffles, WAVE2 was concentrated along both at the site of dorsal ruffling and at the cell periphery
in both wild-type cells and WAVE2-deficient cells, indi-the actin filament tips of the leading edge (Figure 1D).
Vertical sectioning revealed that WAVE2 and actin fila- cating that both ruffles are regulated by the PIP3-Rac
pathway (Supplemental Figure S3).ment were not colocalized at the tip of the leading edge.
Instead, WAVE2 was localized at the very front of periph- We next measured the activation level of Rac by pull-
down assay with CRIB domain of PAK, which specificallyeral ruffles and actin filament was localized slightly be-
hind WAVE2, suggesting that WAVE2 drives actin poly- binds to activated Rac. Interestingly, upon PDGF treat-
ment, similar activation levels of Rac were observed inmerization at the leading edge.
In contrast, WAVE1 was localized as punctate signals both WAVE2-deficient cells and control wild-type cells
(Figure 3E). This result indicates that the signals linkingand was not localized in front of leading edge actin
filament (Figure 1C). In vertical sections, WAVE1 was PDGF to Rac were transmitted properly in both wild-
type and WAVE2-deficient cells. All the above data indi-localized at the upper half of the extending lamellae in
the absence of dorsal ruffles, suggesting that WAVE1 cate that Rac activation occurred in WAVE2-deficient
cells treated with PDGF and that the impaired peripherallocalization determines the origin of upward ruffle for-
mation. ruffle formation in WAVE2-deficient cells is caused by
WAVE2 deficiency.In dorsal ruffles, intense WAVE1 signals were ob-
served at the protruding tips of dorsal ruffles (Figure In contrast to involvement of WAVE in Rac signals,
expression of CA Cdc42(V12), which induces filopodia1E). Vertical sections of dorsal ruffles confirmed this
localization. WAVE2 was also localized in dorsal ruffles, formation (Hall, 1998), induced microspike formation at
similar levels in WAVE2-deficient, WAVE1-deficient, andalthough the signals were weak in comparison with
wild-type cells, indicating that neither WAVE1 northose of WAVE1 (Figure 1F). This localization was con-
WAVE2 is involved in Cdc42-induced filopodia formationsistent with the defect in formation of peripheral or dor-
(Figures 3B and 3D).sal ruffles in WAVE1- or WAVE2-deficient cells, respec-
tively.
WAVE2-Dependent and WAVE1-Independent
Leading Edge Extension by Peripheral
Involvement of PI-3 Kinase and Rac in Both Ruffles upon PDGF Gradient
Peripheral and Dorsal Ruffles We next examined the chemotactic response to a PDGF
We next examined Rac-mediated signals because Rac gradient. We adsorbed PDGF to heparin beads, which
is involved in induction of ruffle formation (Hall, 1998). facilitate gradual release of PDGF to the culture medium,
Expression of constitutively active (CA) Rac(V12) in- resulting in a gradient of PDGF.
duced formation of peripheral ruffles in wild-type cells. When PDGF-coated beads were placed close to
In WAVE1-deficient cells expressing CA Rac, peripheral MEFs, MEFs responded with extending the edge of the
ruffles formed at a frequency similar to that of wild-type plasma membrane facing the beads. In WAVE1-defi-
cells expressing CA Rac. In WAVE2-deficient cells, CA cient, WAVE2-deficient, and control cells, a response to
PDGF-coated beads was observed in 90% of cellsRac-induced peripheral ruffles were severely impaired.
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Figure 3. Involvement of Rac in Both Peripheral and Dorsal Ruffles
(A and C) Actin filaments of WAVE1-deficient and control MEFs (A), and of WAVE2-deficient and control MEFs (C) expressing myc-tagged
constitutively active (CA) Rac(V12).
(B and D) Percentages of WAVE1-deficient and control MEFs (B), and of WAVE2-deficient and control MEFs (D) with peripheral ruffles under
CA Rac(V12) expression and with microspikes under myc-tagged CA Cdc42(V12) expression from at least three independent experiments. In
each experiment, 100 cells were observed. Statistical significance by Student’s t test is also shown.
(E) Activation of Rac in WAVE2-deficient and control wild-type MEFs after PDGF treatment for 5 min as monitored by pull-down assay with
the CRIB motif of PAK.
(F and G) Dorsal ruffles in cells with dominant-negative (DN) Rac expression after PDGF treatment. Actin filaments (left) of wild-type MEFs
expressing myc-tagged DN Rac(N17) (right) (F). Percentages of cells with dorsal ruffles (G).
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as judged by any movement of the cell edge plasma nuclei to examine the cell migration of these cells over
membrane (Figure 4). Interestingly, with the PDGF gradi- 10 hr. Velocity of cell was determined by dividing the
ent, formation of peripheral ruffles at the leading edge total track distance with time (Figures 4H and 4J). There
was observed, but dorsal ruffles were rare. was no significant difference between wild-type and
WAVE1-deficient cells extended the plasma mem- WAVE1-deficient cells in velocity of migration.
brane with peripheral ruffles toward PDGF beads at In WAVE2-deficient cells, the leading edge had small
0.44  0.33 m/min, and wild-type cells extended lead- ruffles, resulting in the formation of small protrusions.
ing edges at 0.54  0.43 m/min (Figures 4A and 4E; At the leading edge, WAVE1 was more concentrated in
Supplemental Movie 4). There was no significant differ- WAVE2-deficient cells than in wild-type cells (Figure 4G).
ence in the speed of membrane extension toward PDGF But WAVE1 did not compensate the lack of WAVE2 in
between wild-type and WAVE1-deficient cells. the leading edge as judged by the shape of the leading
In contrast, the speed of plasma membrane extension edge. Accordingly, the migration velocity of WAVE2-
by WAVE2-deficient cells toward PDGF beads (0.22  deficient cells was lower than that of wild-type cells
0.26m/min) was one third that of wild-type cells (0.67 (Figures 4I and 4K).
0.57 m/min; p 0.001). Importantly, the speed of ruffle
extension was restored to that of wild-type cells by the
Involvement of WAVE2 in Persistentectopic expression of WAVE2-GFP (0.56  0.37 m/
Directional Cell Migrationmin). Control GFP expression had no effect on peripheral
The persistence of directional motility (directionality)ruffle formation of WAVE2-deficient cells (0.28  0.23
was determined by the D/T ratio obtained by the directm/min; p 0.001; Figures 4B, 4C, and 4F; Supplemen-
distance from start point to end point (D) divided by thetal Movies 5 and 6). We also confirmed that WAVE2-
total track distance (T). WAVE1 deficiency did not causedeficient cells respond to chemotactic signals properly
any defect in directionality of cell migration (Figures 4Hby monitoring PIP3 distribution (Supplemental Fig-
and 4L).ure S3).
As shown in Figures 4I and 4M, the track of WAVE2-Even in WAVE2-deficient cells, slow membrane exten-
deficient cells was short and had many turns. The D/Tsion due to formation of small ruffles was observed
ratio of WAVE2-deficient cells was lower than that of(Figure 4B; Supplemental Movie 5). Therefore, we tested
wild-type cells, indicating that WAVE2 is required forwhether WAVE1 contributes to peripheral ruffle forma-
directional motility (Figures 4I and 4M). Becausetion when WAVE2 is absent. Reduced WAVE1 by RNAi
WAVE2-deficient cells were able to respond to chemo-in WAVE2-deficient cells further decreased the speed
tactic signals properly (Supplemental Figure S3), theof membrane extension (0.06  0.12 m/min) toward
impaired directionality seems to be the result of thePDGF, resulting in a near absence of extension of the
nonpersistence of incorrectly formed leading edge ac-membrane toward PDGF, whereas WAVE2-deficient
tin cytoskeleton.cells treated with control RNAi extended membranes
Therefore, as in the chemotactic response towardat 0.18  0.22 m/min (p  0.01; Figures 4D and 4F;
PDGF beads and in peripheral ruffles, WAVE2 is essen-Supplemental Movie 7). In WAVE2-deficient cells
tial in cell migration in two dimensions.WAVE1 localized at the leading edge, although periph-
eral ruffles seen in wild-type cells were absent (Figure
4G). Thus, WAVE1 appears to compensate at least par-
Essential Roles of Both WAVE1 and WAVE2tially for lack of WAVE2.
in Cell Migration through ECMTaken together, WAVE2 is the primary regulator of
We next examined cell migration in the absence or pres-peripheral ruffle formation in the chemotaxis response,
ence of ECM using Boyden chambers. In the Boydensimilar to the case in PDGF treatment.
chamber assay, the chambers are separated by a po-
rous membrane. Cells in the upper chamber migrateEssential Role of WAVE2, but Not WAVE1, in Cell
through the pore in response to PDGF in the lowerMigration in the Absence of ECM
chamber.We next examined directional cell migration in a two-
Consistent with the wound-healing assay, WAVE1-dimensional plane over hours by wound-healing assay
deficient cells and control cells migrated at similar effi-with PDGF (Figures 4G–4M). In the wound-healing
ciencies in the absence of ECM (Figure 5A). In contrast,assay, lamellipodia formation at the leading edge was
WAVE2-deficient cells had a reduced ability of migrationdependent on PDGF, because PDGF receptor inhibitor
in the absence of ECM, indicating that deficiency inAG1295 abolished it (Kovalenko et al., 1994; data not
WAVE2 significantly impaired cell migration towardshown). The localization of WAVE1 and WAVE2 at the
PDGF (Figure 5B). Cells with a decrease in expression ofleading edge of migrating wild-type cells was similar
WAVE1 through RNAi also had similar ability of migrationto the localizations at peripheral ruffles. WAVE2 was
(Figure 5B). In cells migrating through the pores withoutpredominantly localized at the leading edge, but WAVE1
ECM, WAVE2 was localized at the tips of cell extensionswas localized more diffusely (Figure 4G).
into the pores. In contrast, WAVE1 was not localized atIn WAVE1-deficient cells, similar actin filament organi-
the tips (Figures 6A–6C).zation as well as WAVE2 localization at the leading edge
We next examined the roles of WAVE1 and WAVE2was observed (Figure 4G). However, consistent with the
in cell migration in the presence of ECM with Boydendecrease in total actin filaments upon PDGF treatment
chambers coated with ECM. We used a cell-derived(Figure 2H), the amount of actin filaments at the leading
ECM, matrigel matrix.edge was less in WAVE1-deficient cells than in wild-
type cells (Figure 4G). We next traced the movement of WAVE2-deficient cells had a reduced ability to migrate
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Figure 4. Chemotaxis Response to PDGF
and Migration in Wound-Healing Assay
(A–F) Chemotaxis response to PDGF.
(A–D) Phase-contrast images of cells with ruf-
fles (arrows) oriented toward PDGF-coated
beads (direction is indicated by asterisks).
(A) WAVE1-deficient and control wild-type
MEFs.
(B) WAVE2-deficient and control wild-type
MEFs.
(C) Phase-contrast images and fluorescence
images for GFP signals of WAVE2-deficient
MEFs expressing GFP or WAVE2-GFP.
(D) WAVE2-deficient MEFs treated with con-
trol or WAVE1 RNAi.
(E and F) Speed of membrane extension to-
ward PDGF beads. Statistical significance of
difference in speed was examined with Stu-
dent’s t test in the observation of 30 cells
in each independent experiment. See Supple-
mental Movies.
(G–M) Wound-healing assay.
(G) Localization of WAVE and actin filament
organization of migrating cells toward the
wound. The stainings are performed as in Fig-
ure 1.
(H and I) Representative examples of cell mi-
gration toward wounds tracked at 30 min in-
tervals over 10 hr.
(J and K) Velocity of migration obtained by
the total track distance divided by time.
(L and M) Quantification of persistence of mi-
gratory directionality. D/T ratios represent the
ratios of direct distance from start point to
end point (D) divided by the total track dis-
tance (T). Statistical significance was exam-
ined in 30 cells from three independent exper-
iments.
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Figure 5. Cell Migration with PDGF in Boyden Chamber Assay
Boyden chamber assay without (A and B) or with (C–E) matrigel-coated membrane. In (E), the MMP inhibitor GM6001 or its negative control
was incorporated into the medium. WAVE1-deficient, WAVE2-deficient, and control MEFs (A and C). WAVE2-deficient and control MEFs
treated with control or WAVE1 RNAi (B and D). The migrated cells were expressed as a percentage of the total cells used in each assay in
(A)–(D). In (E), migrated cells were expressed as a percentage of negative controls. Statistical significance of difference in speed was examined
with Student’s t test.
through ECM (Figure 5D), indicating that WAVE2 is im- localized at the leading edge invading ECM (Figures
6A–6C). WAVE2 was also localized at the invading tipsportant for cell migration in general. Although WAVE1
was not required for migration in the absence of ECM of protrusions (Figures 6A–6C). This localization sup-
ports our findings that WAVE1 and WAVE2 have essen-(Figures 5A and 5B), WAVE1-deficient cells showed de-
creased cell migration invading ECM in comparison with tial roles in cell migration in ECM.
wild-type cells (Figures 5C and 5D). Cells with a de-
crease in expression of WAVE1 through RNAi also had WAVE1 and Matrix Metalloproteinase 2
To migrate in ECM, mesenchymal cells including fibro-a reduced ability to migrate through ECM, confirming
the requirement for WAVE1 in cell migration in ECM blasts need to disrupt the surrounding ECM. In this pro-
cess, matrix metalloproteinases (MMPs) are thought to(Figure 5D).
In contrast to the ECM-free situation, WAVE1 was play important roles (Itoh and Nagase, 2002; Sternlicht
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Figure 6. Localization of WAVE1, WAVE2, and MMP-2 Secretion
(A–C) Immunohistochemistry with anti-WAVE1 or anti-WAVE2 antibodies (green), anti-MMP-2 antibody (red), and actin filaments (blue) of
control cells migrating through the membrane pore in Boyden chambers with or without matrigel.
(B) Plots of pixel intensities along with the direction of cell migration in (A). Half-maximum of pixel intensities are indicated by arrows.
(C) Quantification of the distance of half-maximum (indicates the edge of localization) of WAVEs to actin filaments with Student’s t test.
(D and E) Zymography to detect MMP-2 secretion and Western blot analysis to monitor the MMP-2 and -actin that the cells contain. Western
blot analysis to monitor WAVE1 expression after WAVE1 RNAi was also performed.
(F) Immunohistochemistry with anti-WAVE1 or anti-WAVE2 antibodies (green), anti-MMP-2 antibody (red), and actin filaments (blue) of control
cells treated with PDGF. Arrows indicate peripheral or dorsal ruffles.
(G) Effect of MMP inhibitor GM6001 on ruffles.
and Werb, 2001). However, there are two kinds of cell was reduced to 30% in the presence of GM6001 (Figure
5E). In contrast, migration of wild-type cells and WAVE1-migration in ECM, the MMP-dependent mesenchymal
migration and the MMP-independent amoeboid migra- deficient cells was reduced only to 70%–80% by
GM6001 (Figure 5E). Because WAVE2-deficient cells mi-tion (Friedl and Wolf, 2003).
To examine the dependency of our MEFs on MMPs, grate by WAVE1 (Figure 5D), WAVE1-dependent migra-
tion seems to be dependent on MMPs. In contrast,we pharmacologically inhibited MMPs with GM6001,
which blocks the activities of a wide range of MMPs WAVE2-dependent migration is suggested to be less
dependent on MMPs.including MMP2. Migration of WAVE2-deficient cells
through ECM was inhibited by GM6001. Cell migration Therefore, we examined the relationship between
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MMPs and WAVE1. We collected culture media and dorsal ruffles. However, constitutive activation of Rac
resulted in only induction of peripheral ruffles. As WAVE2performed zymography assays to determine which
is essential in peripheral ruffle formation under PDGFMMPs are produced by these MEFs. The major MMP
treatment, constitutively active Rac induction of periph-was MMP-2, which was confirmed by Western blotting
eral ruffles was impaired only in WAVE2-deficient cells.with monoclonal antibody and concanavalin A treatment
This result suggests that WAVE2 is the primary effecter(Supplemental Figure S4).
of Rac in formation of ruffles. Consistently, the adaptorWhen WAVE1 expression was suppressed by RNAi in
molecule IRSp53, which links WAVE2 and Rac, specifi-wild-type MEFs, the levels of secreted MMP-2 were also
cally binds to WAVE2, not to WAVE1 (Miki et al., 2000).decreased, although the amount of MMP-2 contained
In the actin polymerization assay using WAVE2-deficientin cells did not change significantly. Decreased MMP-2
cell lysate, Rac-induced actin polymerization was im-secretion was also observed with WAVE1-deficient cells
paired in WAVE2-deficient cell lysate, not in wild-type(Figure 6D). In contrast, WAVE2 deficiency increased
cell lysate, also indicating that WAVE2 is the primarysecretion as well as expression of MMP-2 (Figure 6D).
effecter of Rac (Yan et al., 2003).The increased MMP-2 secretion was also dependent on
Because constitutive activation of Rac did not causeWAVE1, because WAVE1 RNAi on WAVE2-deficient cells
dorsal ruffles, some additional signals are required fordecreased the amount of secreted MMP-2 (Figure 6E).
dorsal ruffle formation. The regulation of WRP, a Rac-However, in any cells, PDGF treatment for up to 10 min,
GAP that binds to WAVE1 and inactivates Rac (Soderlingwhich is sufficient to induce ruffles, did not increase the
et al., 2002), might be involved in dorsal ruffles. Activa-secretion of MMP-2 (data not shown).
tion of c-Abl (Plattner et al., 1999) and recruitment ofWe next examined the localization of MMP-2 in ruffles
c-Cbl (Scaife et al., 2003) are involved in dorsal ruffleby immunohistochemistry (Nabeshima et al., 2000).
formation. c-Abl was shown to associate with WAVE1MMP-2 was colocalized with WAVE1 at dorsal ruffles
(Westphal et al., 2000). Abi1 also interacts with WAVE1formed after treatment with PDGF, supporting the rela-
and is involved in dorsal ruffle formation (Eden et al.,tion between WAVE1 and MMP-2 (Figure 6F). In contrast,
2002; Scita et al., 1999). These signals may be requiredWAVE2 and MMP-2 did not colocalize at peripheral ruf-
for dorsal ruffle formation through unknown regulationfles. WAVE2 was localized at the front of MMP-2 (Figure
of WAVE1.6F), indicating that the leading edge with peripheral ruf-
In contrast to separate appearances of dorsal andfles does not have MMP-2 at the very front of the cells.
peripheral ruffles under nongradient stimulation, onlyConsistently, MMP-2 was not localized with WAVE2
peripheral ruffles were observed under a chemotacticat the leading edge of cells in Boyden chamber assays
gradient. Consistent with this mode of ruffles, WAVE2,in the absence of ECM (Figure 6A). In contrast, MMP-2
but not WAVE1, was predominantly involved in cell mi-accumulated at the tip of invading extensions with
gration in the absence of ECM. The essentiality ofWAVE1 and WAVE2 in cells migrating into ECM (Fig-
WAVE2 in cell migration was also demonstrated in aure 6A).
recent study (Yan et al., 2003). Therefore, cell migrationIn spite of the localization of MMP-2 at dorsal ruffles,
in the absence of ECM seems to proceed with peripheralinhibition of MMP activity by GM6001 did not affect
ruffles (Figure 7B).the formation of both ruffles (Figure 6G), indicating that
Because peripheral ruffles occur prior to dorsal ruf-MMP-2 functions after or downstream of ruffle for-
fles, the extension of the leading edge might topologi-mation.
cally inhibit dorsal ruffles through the movement of la-
mellipodia. It has been shown that cell polarity for
Discussion directed cell migration is generated by formation of PIP3
at the forward tips of cells by the balance of PI-3 kinase
In this study, we clarified the different roles of WAVE1 and PTEN, a PI-3 phosphatase (Funamoto et al., 2002;
and WAVE2 in dorsal and peripheral ruffles. In two- Iijima and Devreotes, 2002; Wang et al., 2002; Weiner
dimensional culture without ECM, two types of ruffles, et al., 2002). We observed the highest PIP3 accumulation
dorsal ruffles and peripheral ruffles, were observed sep- at the leading edge using GFP-fused PH domain of Akt
arately. WAVE1 is essential in formation of dorsal ruffles as a probe (Supplemental Figure S3). Therefore, activa-
and WAVE2 is essential in formation of peripheral ruffles. tion of Rac through PIP3 binding of Rac GEFs is thought
Recently, Yan et al. also found that WAVE2 is essential to be highest at the leading edge. Because dorsal ruffles
for peripheral ruffles and that dorsal ruffle formation has were formed downstream of Rac and PI-3 kinase or
occurred in the absence of WAVE2 (Yan et al., 2003). PIP3, formation of dorsal ruffles behind the leading edge
Under uniform stimuli that result in random migration, may be suppressed because PIP3 levels and subse-
coordination of the formation of peripheral and dorsal quent activation of Rac are reduced in this area.
ruffles does not seem to be required, and thus develop WAVE2-deficient cells had impaired leading edge ex-
and appear separately (Figure 7A). Formation of both tension as well as reduced persistence in directionality.
types of ruffles appears to be regulated by Rac, because Because WAVE2-deficient cells were able to form a PIP3
both peripheral and dorsal ruffle formation were sup- gradient inside the cells, the defect in directionality in
pressed by DN Rac and Wortmannin, a PI-3 kinase inhib- cell migration might indicate the defect in positive feed-
itor. Further, PIP3 was also accumulated at dorsal ruffles back between PIP3 production and leading edge actin
prior to membrane extension (Supplemental Figure S3). polymerization by WAVE2 deficiency (Wang et al., 2002).
Therefore, activation of Rac through PIP3 binding Rac When cells invade ECM, cell-ECM adhesion through
GEFs including Vav, Sos, and SWAP-70 (Han et al., 1998; integrins coupled with degradation of ECM by proteases
Innocenti et al., 2003; Nimnual et al., 1998; Scita et al., as well as leading edge formation by actin polymeriza-
tion are important (Friedl and Wolf, 2003; Lauffenburger1999; Shinohara et al., 2002) is thought to occur also in
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Figure 7. Several Modes of Cell Migration and WAVEs
(A) Under nongradient (uniform) stimuli, cells migrated randomly. Formation of dorsal ruffles mediated by WAVE1 and formation of peripheral
ruffles mediated by WAVE2 occurred independently.
(B) Under gradient (chemotaxis) stimuli without ECM, cells migrate by leading edge extension with peripheral ruffles induced by WAVE2.
(C) Under gradient (chemotaxis) stimuli with ECM, both WAVE1 and WAVE2 are essential at the leading edge. Thus, the leading edge in ECM
seems to have characteristics of both dorsal and peripheral ruffles.
and Hortwitz, 1996; Wolf et al., 2003). We found that WAVE1. Paxillin and Pyk2, the important molecules in
integrin-mediated adhesion signals, are localized at dor-migration dependent on WAVE1 was more sensitive to
sal ruffles (Pixley et al., 2001). Cortactin, dynamin, andthe MMP inhibitor. Cell migration in ECM is known to
Arp2/3 complex are involved and localized in both dorsalbe categorized as “mesenchymal” or “amoeboid” be-
ruffles and podosomes (Krueger et al., 2003; Linder andcause of their dependency on MMPs in migration (Friedl
Aepfelbacher, 2003; Mizutani et al., 2002). Therefore,and Wolf, 2003; Wolf et al., 2003). Mesenchymal migra-
dorsal ruffles might be the pseudostructure that resem-tion requires MMPs, whereas amoeboid migration does
bles the invading leading edge.not. The essentiality of MMPs in WAVE1-dependent mi-
It is not clear how WAVE1 is involved in MMP secretiongration indicates the importance of WAVE1 in mesen-
and MMP-dependent mesenchymal migration. It is alsochymal migration. Actually, cells migrating in mesenchy-
unclear why WAVE2-dependent migration is less sensi-mal migration have more actin filaments at the leading
tive to MMPs. The integrins generate adhesion and in-edge than cells in amoeboid migration (Wolf et al., 2003).
duce MMP-mediated ECM degradation (Brooks et al.,Consistently, the defects in increase of actin filaments
1996; Friedl and Wolf, 2003; Lauffenburger and Hortwitz,upon PDGF treatment in WAVE1-deficient cells support
1996). Integrin-mediated adhesion simultaneously acti-the importance of WAVE1 in MMP-dependent mesen-
vates Rac (Bishop and Hall, 2000; Hall, 1998) and achymal migration.
paxillin-associated kinase, FAK (Schlaepfer et al., 1999).It is not clear which structures of actin filaments in
Both Rac and FAK enhance secretion and activation ofcells migrating in ECM correspond with those in cells
MMP-2 (Hauck et al., 2002; Sein et al., 2000; Zhuge
migrating in two-dimensional culture without ECM. Be-
and Xu, 2001). Actin cytoskeleton itself is involved in
cause migration in ECM is also dependent on WAVE2, regulation of MMPs. Treatment of fibroblasts with cyto-
the leading edge in ECM is thought to have the charac- chalasins increased expression, secretion, and activa-
teristics of peripheral ruffles seen in the leading edge tion of MMP-2 (Harris et al., 1975; Tomasek et al., 1997).
in two-dimensional culture. Migration into ECM with The crosstalk between these molecules and WAVEs
MMP is dependent on WAVE1, suggesting the dorsal might suggest the differential involvements of WAVE1
ruffle-like characteristics of the leading edge in ECM. and WAVE2 in cell migration.
Further, there are several similar characteristics be- In conclusion, we have revealed nonoverlapping roles
tween dorsal ruffles and podosomes, the actin filament- of WAVE1 and WAVE2 in cell migration. WAVE2 dictates
rich structure that invades ECM, indicating that the lead- formation of the leading edge and is involved in cell
ing edge in ECM has both characteristics of dorsal and migration in the presence or absence of ECM. In con-
peripheral ruffles (Figure 7C). trast, WAVE1 mediates formation of dorsal ruffles and
The invading leading edge and dorsal ruffles are topo- is required for migration in ECM with MMPs. However,
logically similar. In invasion of cells, the inner region of these independent roles of WAVE1 and WAVE2 might
the cell extends into ECM, forming the invading leading be limited to embryonic fibroblasts, because the roles
edge as dorsal ruffles form in the inner region of cells. of WAVEs may differ in other cells depending on expres-
Dorsal ruffles have been shown to have molecules in- sion of WAVEs with respect to developmental stages,
cells, and organs.volved in cell-ECM adhesion and invasion besides
WAVEs and Ruffles
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Experimental Procedures the end of the movie. The statistical significance was determined
with Student’s t test.
For observation with GFP-fusion proteins, MEF cells were trans-Mouse Embryonic Fibroblasts
WAVE2-deficient mice were prepared as described previously (Ya- fected with plasmids expressing GFP-AktPH, WAVE2-GFP, or GFP
alone by Lipofectamine 2000 (Invitrogen). For visualization of AktPH,mazaki et al., 2003). WAVE1 knockout mice were generated by Lexi-
con Genetics from Omnibank clone OST66260 using methods a brighter variant of GFP (Venus; Nagai et al., 2002) was used for
better visualization at lower protein expression.described previously (Dahl et al., 2003). E9.5 embryos from homozy-
gous crosses were trypsinized and cultured in 24-well tissue culture
plates with Dulbecco’s modified Eagle medium (DMEM) supple- Migration Assay by Wound Healing
mented with 10% fetal calf serum (FCS). Twenty-four hours later, Migration assays were carried out with dishes (3.5 cm diameter)
cells that had not adhered to plates were collected, and the geno- with glass bottoms or with coverslips. Cells (1  105) were cultured
type of each embryo was determined by PCR as described pre- overnight and then scratched with micropipet tips. The culture me-
viously (Dahl et al., 2003; Yamazaki et al., 2003). After several weeks dium was replaced with DMEM supplemented with 10% FCS and
in culture, cells became spontaneously immortalized lines. For stim- 3 pg/ml PDGF, and then cell migration was observed with an inverted
ulation with PDGF or for PDGF chemotaxis assay, cells were serum phase-contrast microscope (10 objective) at 2 min intervals. At
starved overnight. We made several independent lines and con- least three independent experiments were performed for each cell.
firmed similar characteristics in our assays. To determine the migration speed, at least 30 cells were traced for
their position. PDGF-dependent migration was confirmed by the
Antibodies PDGF receptor inhibitor AG1295 (1 M).
The following antibodies were used: anti-WAVE1 antibody (Yama-
zaki et al., 2003); anti-WAVE2 antibody (Yamazaki et al., 2003); anti- Migration Assay by Boyden Chamber
actin antibody (Chemicon); and anti-MMP-2 antibody (75-7F7; Dai- Migration assays were carried out with cell culture inserts or a matri-
ichi Fine Chemicals; Nabeshima et al., 2000). Anti-Rac antibody was gel invasion chamber (6.5 mm diameter, 8 mm pore size; Becton
a generous gift from Dr. Azuma at Keio University Medical School. Dickinson). Cells (5  104) were added to the upper chambers, and
the chambers were placed in 24-well dishes containing medium
Pull-Down Assay with or without PDGF (0.2 g/ml). GM6001 (Galardin; N-[(2R)-2-
MEFs were serum starved for 12 hr and then stimulated with 100 (hydroxyamidocarbonylmethyl)-4-methylpentanoyl]-L-tryptophan
ng/ml PDGF. Cells were scraped off of plates and suspended in methylamide) and its negative control GM6001 (N-t-butoxycarbonyl-
lysis buffer (40 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.5% Triton L-leucyl-L-tryptophan methylamide) were from Calbiochem and
X-100, 1 mM PMSF, 1 g/ml aprotinin, 1 g/ml leupeptin, 5 mg/ml used at 20 mM. Migration assays were carried out for 7 hr with cell
MgCl2). GST-PAK CRIB was expressed and purified as described culture inserts and for 15 hr with a matrigel invasion chamber, and
(Miki et al., 2000). GST-PAK CRIB was immobilized on glutathione membranes were then fixed with 3.7% formaldehyde in PBS. Cells
Sepharose 4B beads (Amersham Pharmacia Biotech) and then incu- on both the upper and lower sides of each membrane were stained
bated with MEF lysates. Beads were washed with lysis buffer and with 0.4% crystal violet in 10% ethanol for 30 min. Cells were photo-
suspended in SDS sample buffer. Samples were analyzed by West- graphed with an inverted phase-contrast microscope (10 objec-
ern blotting with anti-Rac antibody. The whole cell lysate was also tive), and the total cells were counted. Nonmigrated cells on the
subjected to Western blotting to examine the amount of Rac that upper side of the membrane were removed with a cotton swab, and
cells had. the migrated cells were counted. The migrated cells were expressed
as a percentage of the total cells in the chamber. For each determi-
nation, photographs of nine randomly selected fields on three inde-RNA-Mediated Interference (RNAi)
pendent filters were analyzed. At least three independent experi-RNAi was performed with pSuper vector (Oligo Engine) as described
ments were performed for each type of cell.previously (Brummelkamp et al., 2002). The targeted sequence of
mouse WAVE1 was 5-AACGATGAGAAAGGCTTTCCG-3 (from nt
285 to nt 305). The empty pSuper vector was used as a control. Immunofluorescence Microscopy
After transfection with Lipofectamine 2000 (Invitrogen) according to Cells cultured on coverslips and Boyden chamber filters were fixed
the manufacturer’s instructions, cells were cultured for 36 hr and in 3.7% formaldehyde in PBS for 10 min at room temperature. Mac-
then used for assays. To monitor the transfected cells, one tenth the ropinocytosis was analyzed as described previously (Sun et al.,
amount of GFP expression plasmid was cotransfected. Transfection 2003). To visualize MMP-2, cells were fixed with 2% paraformalde-
efficiency was 80% when monitored by transfection with GFP- hyde in PBS for 30 min at 4C (Nabeshima et al., 2000). Cells were
expressing plasmid. permeabilized with 0.5% Triton X-100, 1% BSA in PBS for 5 min
and then blocked with 1% BSA in PBS for 2 hr. Cells were incubated
with primary antibodies at 1:100 dilution for 60 min. After beingPhalloidin Staining for Quantification of the Amount
washed with PBS, cells were incubated with appropriate secondaryof Actin Filament
antibodies conjugated with Alexa488 or Alexa568 (Molecular Probes)After 5 min of PDGF treatment, cells were fixed with 3.7% formalde-
for 60 min. For visualization of actin filaments, rhodamine- orhyde in PBS, permeabilized with 0.1% Triton X-100 in PBS, and
Alexa647-conjugated phalloidin (Molecular Probes) was added dur-stained with Alexa488-conjugated phalloidin (Molecular Probes).
ing the incubation with secondary antibodies. Coverslips and filtersAfter cells were washed with PBS, the bound phalloidin was ex-
were then washed and mounted on glass slides. Cells were thentracted with methanol and the fluorescence intensity that correlates
observed with confocal microscopy (Bio-Rad). Cells with peripheralwith the bound phalloidin was examined.
ruffles were characterized as cells with thick peripheral actin fila-
ment accumulation. Cells with dorsal ruffles were observed as cellsPDGF Chemotaxis Assay with PDGF Beads
with circular accumulation of actin filaments at the dorsal side.For preparation of PDGF-coated beads, PDGF (50 mg/ml) was mixed
with an equal volume of heparin beads (50% slurry; Sigma). After
incubation at room temperature for 2 hr, the beads were washed Zymography Assay
Cells in subconfluent culture (70%–80% cell density of confluenttwo times with PBS. The resulting PDGF-coated beads were applied
to cells cultured on glass-bottomed dishes and the cells were then culture) were washed and refreshed with serum-free DMEM and
cultured for 18 hr. The conditioned medium was then collected.observed with phase-contrast microscopy at 10 s intervals. The
sequential images were stored as a movie file at 0.2 s/frame (50 After clarification by centrifugation (5 min at 2000  g), the medium
was diluted in 4 nonreducing sample buffer (0.25 M Tris-HCl [pHspeed). The cells responding to PDGF were defined as cells with
any movement of cell membrane upon PDGF treatment by analyzing 6.8], 8% SDS, 40% glycerol, 0.1 mg/ml bromophenol blue) and elec-
trophoresed in 10% SDS-polyacrylamide gels containing 0.1% (w/v)the movie. Almost no change was observed without PDGF. The
speed of membrane extension was calculated from the difference gelatin. Gels were washed repeatedly in 2.5% Triton X-100 followed
by washes in 50 mM Tris (pH 7.5) at 4C before they were incubatedof position of the edge of the cell membrane between the start and
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at 37C for 20 hr in 50 mM Tris (pH 7.5), 5 mM CaCl2, 1 mM ZnCl2. B increases collagenase production by cells in vitro. Nature 257,
243–244.The gels were then stained with Coomassie brilliant blue and de-
stained until white zones on a dark background appeared. Purified Hauck, C.R., Hsia, D.A., Puente, X.S., Cheresh, D.A., and Schlaepfer,
human MMP-2 and MMP-9 were purchased from Chemicon and D.D. (2002). FRNK blocks v-Src-stimulated invasion and experimen-
were used as migration standards for gelatin zymography. tal metastases without effects on cell motility or growth. EMBO J.
21, 6289–6302.
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